With rapid urban development in China in the last two decades, 3D characteristics have been the main feature of urban morphology. Nevertheless, the vast majority of urban growth research has only focused on area expansion horizontally, with few studies conducted in a 3D perspective. In this paper, the characteristics of 3D expansion that occurred in Tiexi from 1997 to 2011 were evaluated based on geographic information system (GIS) tools, remote-sensing images, and Barista software. Landscape index, the spatiotemporal distribution of changes in buildings' renewal modes and variations in city skylines as well as the relationship between number and size of high-rise buildings are the specific phenomena and data utilized to quantify the 3D urban expansion. The results showed that the average height of Tiexi increased by 0.69 m annually, the average urban capacity increased by 490.15 m 3 annually, and space congestion degree increased by 0.11% annually. The average annual increase of the building evenness index was 36.43. The renewal area occupied up to 75.38% of the total area. The change of the skyline was more consistent with the east-west direction. The change in the south direction was significant, while in the north direction it was relatively slow. The overall shape of the city was that of a weak pyramid, with the angle of the top of the pyramid gradually becoming larger. The methods proposed in this paper laid a foundation for a wide range of study of 3D urban morphology changes.
Introduction
Urban renewal originated from the reconstruction of destroyed urban areas in western countries after World War II. With the integration of the global economy and the regional transfer of a production chain, urban renewal, which is mainly aimed at coping with economic recession and population reduction in old manufacturing center cities, has gradually become the main means for various countries' urban renewal. One of the main modes of urban renewal is to demolish dilapidated houses that affect the overall function of the city and replace them with brand-new buildings and blocks, as New York, USA, does. The earliest urban renewal took place in the United Kingdom and the United States. From 1949 to 1972, the United States launched a large-scale nationwide renewal campaign. In the early stage, the focus was only on slum clearance, while in the middle stage, the focus was on the development of large-scale central business areas. In 1961, a study of 11 cities in the United States reasonable explanations. Nevertheless, it did not visualize the model in three dimensions [39] . Based on the theory of self-organization in urban development, the urban growth simulating model using three-dimensional cellular automata (3DCA) proposed by Bengguigui was improved. The center distance parameter and the traffic distance parameter were added to the model. New three-dimensional urban growth models were set up: center distance model and transport distance model. Using such a model to simulate city's three-dimensional growth approximated the real city's expansion more than using Bengguigui's model [40] . Taking a series of variables-accessibility, population density, building density and height into account, the "IF-THEN" rule base was designed to simulate the growth of buildings with different heights [41] . Recently, based on the spectral similarity-enhanced Markov chain random field cosimulation (SS-coMCRF) model for land cover post-classification [42, 43] , Zhang et al. further proposed an integrated framework for detecting both horizontal and vertical urban expansion to estimate vertical urban growth-the varied area of mid-rise or taller buildings (MTBs)-making it possible to gain some new insights into the urban expansion of megacities [44] . This growth model could reflect real urban 3D spatial expansion processes. The simulation accuracy needs to be improved, and at the same time, there is a lack of recognition of this form of urban expansion.
The landscape index has been used in urban planning since 1970s. The economic and technical indicators of urban planning plan adopt a 2D landscape index [45] , instead of a 3D landscape index. Building height, density and volume ratio are the main requirements for buildings in the area of land use. Future urban planning should take the urban congestion, city skyline, relationship between height and floor area of high-rise buildings, and so on into account. A city's strategic planning and reconstruction policy should be discussed and controlled from a 3D perspective. Tiexi District is a typical old industrial area in China and serves here as a model of old industrial area renewal. In this study, "Tiexi District" refers specifically to the Tiexi old industrial area. Urban space in Tiexi District has undergone significant changes owing to a series of urban renewal policies. We carried out preliminary research on the 3D expansion of urban space that occurred as a result of the renewal of Tiexi District and explored the features of this change as well as the patterns related to 3D space expansion. An in-depth understanding of three-dimensional expansion of urban space over time is essential for policy makers and city planners to conduct better city planning and urban sustainability research.
Study Area and Data Sources

Study Area
Tiexi District (41 • 45 N-41 • 50 N, 123 • 18 E-123 • 23 E), part of the core area of Shenyang, is located in the southwest area of downtown Shenyang, and has an area of 39.48 km 2 . Tiexi District is surrounded by the Shenyang-Shanhaiguan and Changchun-Dalian railways, with the railways serving as borders to the adjacent Heping District in the east, Yuhong District in the south and west, and Huanggu District in the north. With Jianshe Road as the dividing line, the residential area of Tiexi District is located in the south and industrial area in the north. Four ring roads encircle the center of Shenyang City. The first and second rings of Shenyang run through Tiexi, separating Tiexi into first-, secondand third-ring regions ( Figure 1 ). Tiexi District had a population of 872,000. The regional GDP was RMB 22.84 billion. Fiscal revenue reached RMB 10 billion. The per capita disposable income of the town's residents was RMB 22, 925 . The total floor area of per capita housing was 31.7 m 2 . Residing in south and producing in north was the initial urban pattern in Tiexi. There were nearly 300 industrial enterprises in about 50% of the area. Industrial structure was dominated by heavy industry and the equipment manufacturing industry, supplemented by light industry. However, since the 1980s, most factories had stopped production, workers had been laid off, and the economy had declined. Old Tiexi has become a typical representative of the decline of 120 old industrial cities in China. Tiexi District has a long history of development, with colonial industry as the starting point of urban advancement. Tiexi District has been known as "the Eastern Ruhr" or "the Ruhr of the East" for its industrial heritage and significant contributions to China's growth and progress. The formation and development of Tiexi District has been affected by industrial trends. Adjustments in industrial structures, implementation of regional policies, and institutional transformation have all influenced the development of the region. The area has undergone a gradual change from an industrial to a multi-functional city. In 1986, the renewal of Tiexi District, as China's only regional pilot project for urban renovation, was included in the national reconstruction plan. In 2002 and 2007, the Retreat into Three and Move the East and Transform the West (METW) transformation strategies were respectively implemented to help renovate the area (Figure 2 ). These policies involved relocating, transforming or closing down heavily polluting, high-energy-consuming and inefficient industrial enterprises in a focused, layered and time-phased fashion according to classifications based on pollution emissions. Through this process, the heavy industrial plants in Tiexi District were gradually relocated to the economic and technological development zone in the western part of Shenyang. By 2008, 254 enterprises had been relocated and 86,000 km 2 of land area had been vacated. Furthermore, a total of 342 old and shanty communities were demolished between 2002 and 2008, which promoted the transformation and development of the area. The existing pattern of residences in the south and industrial plants in the north was gradually transformed as the entire area became dominated by residential land use. The functionality of the area switched from industrial to commercial and cultural and daily living; two new commercial areas were developed [46] , and the urban layout was significantly altered. As a representative old industrial area, Tiexi District's history, characteristics and experience of renewal can provide an important reference for its counterparts in China. Tiexi District has a long history of development, with colonial industry as the starting point of urban advancement. Tiexi District has been known as "the Eastern Ruhr" or "the Ruhr of the East" for its industrial heritage and significant contributions to China's growth and progress. The formation and development of Tiexi District has been affected by industrial trends. Adjustments in industrial structures, implementation of regional policies, and institutional transformation have all influenced the development of the region. The area has undergone a gradual change from an industrial to a multi-functional city. In 1986, the renewal of Tiexi District, as China's only regional pilot project for urban renovation, was included in the national reconstruction plan. In 2002 and 2007, the Retreat into Three and Move the East and Transform the West (METW) transformation strategies were respectively implemented to help renovate the area (Figure 2 ). Tiexi District has a long history of development, with colonial industry as the starting point of urban advancement. Tiexi District has been known as "the Eastern Ruhr" or "the Ruhr of the East" for its industrial heritage and significant contributions to China's growth and progress. The formation and development of Tiexi District has been affected by industrial trends. Adjustments in industrial structures, implementation of regional policies, and institutional transformation have all influenced the development of the region. The area has undergone a gradual change from an industrial to a multi-functional city. In 1986, the renewal of Tiexi District, as China's only regional pilot project for urban renovation, was included in the national reconstruction plan. These policies involved relocating, transforming or closing down heavily polluting, high-energy-consuming and inefficient industrial enterprises in a focused, layered and time-phased fashion according to classifications based on pollution emissions. Through this process, the heavy industrial plants in Tiexi District were gradually relocated to the economic and technological development zone in the western part of Shenyang. By 2008, 254 enterprises had been relocated and 86,000 km 2 of land area had been vacated. Furthermore, a total of 342 old and shanty communities were demolished between 2002 and 2008, which promoted the transformation and development of the area. The existing pattern of residences in the south and industrial plants in the north was gradually transformed as the entire area became dominated by residential land use. The functionality of the area switched from industrial to commercial and cultural and daily living; two new commercial areas were developed [46] , and the urban layout was significantly altered. As a representative old industrial area, Tiexi District's history, characteristics and experience of renewal can provide an important reference for its counterparts in China. These policies involved relocating, transforming or closing down heavily polluting, high-energy-consuming and inefficient industrial enterprises in a focused, layered and time-phased fashion according to classifications based on pollution emissions. Through this process, the heavy industrial plants in Tiexi District were gradually relocated to the economic and technological development zone in the western part of Shenyang. By 2008, 254 enterprises had been relocated and 86,000 km 2 of land area had been vacated. Furthermore, a total of 342 old and shanty communities were demolished between 2002 and 2008, which promoted the transformation and development of the area. The existing pattern of residences in the south and industrial plants in the north was gradually transformed as the entire area became dominated by residential land use. The functionality of the area switched from industrial to commercial and cultural and daily living; two new commercial areas were developed [46] , and the urban layout was significantly altered. As a representative old industrial area, Tiexi District's history, characteristics and experience of renewal can provide an important reference for its counterparts in China. [5] . The three-dimensional architectural data of the QuickBird images were extracted based on the Monoplotting technique in Barista software. One-pixel geo-positioning accuracy in planimetry and height obtained using two ground control points in the process of RPC bundle adjustment. The greater the off-nadir angles, the higher the geo-positioning accuracy in both planimetry and height. Open the building's 3D information and 3D model files in ArcGIS and Autocad respectively for information statistics and further analysis. By comparing visual interpretations of building surfaces in aerial photos in ArcMap with the buildings in QuickBird images from 2002 and data from the Shenyang Urban Construction Archives, the 3D building information in 1997 was extracted. Using these data, we obtained building height information and established 3D models.
Data Sources
To test the accuracy of building height extraction, 166 buildings were randomly selected in the study area, including eight low-rise buildings (height ≤ 10 m), 82 multi-layer buildings (10 m < height ≤ 24 m) and 76 high-rise buildings (height > 24 m). We conducted site surveys with a laser altimeter and Contour XLRic (LaserCraft Corp., Norcross, GA, USA) laser range finder (10-cm precision), and then compared the predicted results with the measurement results. Verification results showed that actual error was around 2.3-2.8 m, with an accuracy of 85%.
Methodology
We analyzed 3D expansion of urban space through average building heights, floor area ratios, average building volume, the building evenness index, degree of congestion, city skylines, and variation in the relationship between high-rise building heights and floor area. Landscape indices are used to quantify the 3D expansion of the city; the variation of built-up patches can reflect the spatial and temporal changes of urban expansion; city skylines and the relationship between high-rise building heights and floor area reflect the overall shape of the city in terms of its urban expansion.
Landscape Index Analysis
Landscape indices are commonly used in landscape ecology analysis to represent highly concentrated landscape pattern information; these indices can effectively reflect overall variations as well as structural composition and spatial configuration of landscape patterns. The architectural landscape is an important element in urban spatial geographic information databases and a principal representative of urban material space. Changes in the urban architectural landscape greatly influence variations in urban landscape patterns and 3D expansion. To analyze changes in overall characteristics of 3D space expansion, we selected five indicators: one in 2D and four in 3D. The 2D indicator was the building evenness index ( [31] . Average building height and floor area ratio were obtained in ArcGIS, while the average volume, building evenness index and degree of space congestion were calculated in Excel. The formula for calculating each indicator and its explanation are shown as follows. Floor area ratio (FAR)
FAR is the ratio of overall floorage to land area in a certain area. Reflects urban expansion in the vertical direction. For the same research object, the higher the FAR number is, the taller buildings will be. H is the building height; F is the building floor area; C is a constant (C = 3.0 m), which corresponds to the average height of one story; and A is the total land area.
AV is the average of all building volumes within the study area. Reflects the average volume of urban buildings and the space they occupy in the vertical direction. The higher AV number is, the larger average size of urban buildings and space occupied by the city's vertical direction will be. V i is the volume of the ith building; n is the number of buildings.
Building evenness index (BEI)
BEI is the extraction of a root of ratio of standard deviation of building volume to urban area. Reflects the evenness of buildings in a three-dimensional space. Generally, the bigger the BEI value is, the more uneven the distribution of buildings will be. V i is the volume of the ith building; AV is the average volume of buildings; A is the total land area; and n is the number of buildings.
Vi max{Hi}×A
×100%
SCD refers to the sum of all the buildings' volumes as percentage of urban volume. Reflects the congestion of buildings in a three-dimensional space. The larger the SCD value, the more crowded the urban space. V i is the volume of the ith building; max{H i } is the maximum building height; n is the number of buildings; and A is the total land area.
Built-Up Land Patches
In urban renewal research, patches of built-up land are categorized into two types: newly built-up patches (converted from other land uses in the process of urban renewal) or transformed patches (structures re-built after the demolition of original buildings). We performed spatial overlay analysis of landscape type maps for 1997, 2002, 2005, 2008 
City Skylines
City skylines, as a material reflection of city life, provide a comprehensive impression of a city's uneven buildings and its overall urban layout. Different cities have different skylines, which reflect their unique character. City skylines are one of the most typical and vivid expressions of urban space [33] . City skylines usually refer to the skyline viewed from a certain direction at a certain location in the city. In essence, skylines are not the result of prior planning, but gradually take shape through the process of urban development. Skylines at a certain angle can vividly reflect the 3D form of a city from one side. Studying skylines over time can reveal patterns of change in 3D urban forms from one side [35] . In this study, a "city skyline" refers to a silhouette of urban structures projected using a single color and infinite background. City skylines were obtained using AutoCAD's 3D view through Barista interpretation of 3D building information. This method reflects differences in terrain height and can thus accurately express the dimensions of city skylines. In this study, the north-south direction skyline and the east-west north-south direction skyline were selected. The skyline in north-south direction is the projection on the vertical plane perpendicular to east-west direction that all the buildings from east and west of the city created through the center. It is the same with the skyline in the east-west direction. When it is the north-south skyline, the distance between a building's projection and the center represents the distance between the building and the center from a north-south direction, and it is the same when it comes to the east-west direction.
Classification . This paper studied the distribution of the last four types of buildings which had an impact on the composition of the city skyline. The average of the distance of the projections of each type of buildings on the north-south vertical plane and the east-west vertical plane to the urban central point were counted. By comparing the variation of distance between the center and different types of buildings in different periods the regulation of buildings' space transformation can be obtained, which reflects its impact on city's skyline. The vertical distances between the closest point between each building and two vertical planes to two vertical planes were calculated in ArcGIS. The average distances between each type of building and two vertical planes were obtained in Excel.
Relationship between Height and Floor Area of High-Rise Buildings
3D urban space was put forward by Yu Z. and Wu Z. in 2008, based on two kinds of urban expansion forms [48] . One develops built-up area with the height of buildings unchanged, and the other where the remaining the built-up area is the same but building height is increasing constantly. The urban expansion form of Tiexi belongs to the second one.
The expansion of 3D urban space is characterized by three stages according to the relationship between building area and height: the weak pyramid stage, balanced pyramid stage, and the top stage ( Figure 3 ). The weak pyramid stage represents an early form of urban development, with a less dense population, lower-rise buildings throughout most of the built-up area and intense development (with taller buildings) only in the urban center. In this case, the urban form takes the shape of a weak pyramid. As a city develops, it expands both horizontally and vertically, with an increasingly large built-up area and taller buildings throughout. The ratio of buildings of different heights tends to be proportional and stable. At this point, the city's form is represented by a balanced pyramid. During the top stage, city development in the horizontal direction is restricted owing to land scarcity, and thus expansion in the vertical direction continues to increase. In this stage, the urban form takes the shape of a domed roof, with increasingly tall building heights and higher building density [34] . At this stage, any mismanagement in planning would cause serious problems. development (with taller buildings) only in the urban center. In this case, the urban form takes the shape of a weak pyramid. As a city develops, it expands both horizontally and vertically, with an increasingly large built-up area and taller buildings throughout. The ratio of buildings of different heights tends to be proportional and stable. At this point, the city's form is represented by a balanced pyramid. During the top stage, city development in the horizontal direction is restricted owing to land scarcity, and thus expansion in the vertical direction continues to increase. In this stage, the urban form takes the shape of a domed roof, with increasingly tall building heights and higher building density [34] . At this stage, any mismanagement in planning would cause serious problems.
A balanced pyramid would be the best shape for a city to develop, and the worst would be the dome-roof shape [48] . When a city expands three dimensionally, it reduces the occupation of limited land area in urban, resolves the severe tension in land use, and improves the efficiency of land use at the same time, accommodating more urban elements within the same amount of land space. The balanced pyramid would be the perfect shape in the case of efficiently easing traffic congestion, solving related problems over environment protection and the improvement of living quality. However, when building development in urban goes beyond the limit of balanced pyramid stage, city becomes crowded with skyscrapers, and people's tolerance towards the living environment will up to the limit. Overall, balanced pyramid is the ideal three-dimensional shape for a city to be, taking sustainable urban development in a long run into consideration. Based on 3D information about urban structures, we collected statistics on average building height and building area using different height categories and generated figures showing building area versus building height, with building area on the horizontal axis, and building height on the vertical axis. Total building areas of different height categories are displayed along the vertical axis. The height category was mainly based on the height range of the buildings. A balanced pyramid would be the best shape for a city to develop, and the worst would be the dome-roof shape [48] . When a city expands three dimensionally, it reduces the occupation of limited land area in urban, resolves the severe tension in land use, and improves the efficiency of land use at the same time, accommodating more urban elements within the same amount of land space. The balanced pyramid would be the perfect shape in the case of efficiently easing traffic congestion, solving related problems over environment protection and the improvement of living quality. However, when building development in urban goes beyond the limit of balanced pyramid stage, city becomes crowded with skyscrapers, and people's tolerance towards the living environment will up to the limit. Overall, balanced pyramid is the ideal three-dimensional shape for a city to be, taking sustainable urban development in a long run into consideration.
Based on 3D information about urban structures, we collected statistics on average building height and building area using different height categories and generated figures showing building area versus building height, with building area on the horizontal axis, and building height on the vertical axis. Total building areas of different height categories are displayed along the vertical axis. The height category was mainly based on the height range of the buildings.
Results
Analyzing Indices
Overall, average building height (AH) showed an increasing trend from 1997 to 2011, growing from 9.74 to 19.34 m, with an average annual increase of 0.69 m. Floor area ratio (FAR), average volume (AV), building evenness index (BEI) and space congestion degree (SCD) also increased over the study period ( Table 2 
Renewal of Building Land Patches
In ArcGIS, we superimposed landscape-type maps for 1997, 2002, 2005, 2008 and 2011 to create maps that indicated the spatial distribution of changes in landscape patch types; then, we analyzed these maps statistically (Figure 4) . From 2008 to 2011, the proportion of renewal area decreased to 11.30% of the total area, and was mainly located in the former industrial area. There were 459 transformed patches and 529 newly built patches. Transformed patches were mainly located in the north of the Bei'er Road, which was within the scope of the first ring road of the city. While newly built patches were mainly in areas outside the second ring. Newly built patches were mainly in the area enclosed by Zhonggong North Street, Jianshe Road and the east border of Tiexi.
From 1997 to 2011, distribution patterns of renewal land patches underwent constant variation, shifting gradually from arterial roads to the first ring area, and then to the former industrial area. This variation serves as an indication that spatial distribution of building land renewal was related to regional transportation infrastructure, land-use types and distance to the urban center.
Variations in City Skylines
We generated city skylines for the five study years (1997, 2002, 2005, 2008 , and 2011) in the east-west and north-south directions ( Figure 5 ). the north-south direction was low in the east with a major peak in the middle and four sub-peaks in the south. The earlier-renewed northern area had fewer high-rise buildings, while the newly built residential area in the south had more high-rise buildings than previously, which resulted in two additional southern peaks compared with the skyline in 2008. Through the analysis of the average distance between different types of buildings and urban centers (Table 3) , it could be seen that multi-story buildings were increasingly further away from the central point of the city in the east-west direction, while in the north-south direction they were close to the central point of the city at first and then far away from the central point of the city. The In 1997, the city's skyline in the east-west direction showed three peaks and four sub-peaks. The peaks were respectively located in the eastern, central and western areas. Each sub-peak was located between every two peaks, and was also located at both ends of the city. The north-south skyline had three peaks and two valleys, with peaks in the middle and valleys at both ends. The peak was primarily composed of a single building. The buildings were mainly in the central and southern areas.
Compared with 1997, variations in skylines in 2002 mainly concentrated on the south and east of the central area in 2002. The city skyline in the east-west direction showed six peaks, seven sub-peaks and 10 valleys. There was one peak in the west, three peaks in the middle and two peaks in the east. The city skyline in the north-south direction had three peaks and three valleys: overall, buildings were tall in the middle of the skyline and shorter on both ends.
Compared with 2002, variations in skylines mainly concentrated on the north-central and eastern areas in 2005. The city skyline in the east-west direction showed alternating peaks and valleys, with flatter areas in the west and peaks primarily in the middle and east. The city skyline in the north-south direction displayed five peaks and four valleys, with taller buildings in the middle and flatter areas on both ends, with three peaks in the central area, two peaks in the south and a flat area in the north.
Compared with 2005, variations in skylines mainly concentrated on the central and western areas in 2008. The city skyline in the east-west direction displayed five peaks and three valleys, with peaks distributed evenly and the highest peak in the east-central area. The city skyline in the north-south direction was high in the middle and low on both ends, with a single dome-shaped peak in the middle.
Compared with 2008, variations in skylines mainly concentrated on the west-central and northern areas in 2011. The city skyline in the east-west direction had six peaks and two belts, with flat areas from the middle to the east, and a main peak in the east-central area. The city skyline in the north-south direction was low in the east with a major peak in the middle and four sub-peaks in the south. The earlier-renewed northern area had fewer high-rise buildings, while the newly built residential area in the south had more high-rise buildings than previously, which resulted in two additional southern peaks compared with the skyline in 2008.
Through the analysis of the average distance between different types of buildings and urban centers (Table 3) , it could be seen that multi-story buildings were increasingly further away from the central point of the city in the east-west direction, while in the north-south direction they were close to the central point of the city at first and then far away from the central point of the city. The average annual variation was 7.98 m in the east-west direction and 4.13 m in the north-south direction. Generally, the valleys composed of multi-story buildings moved away from the city center in the east-west skylines and north-south skylines. The mid-rise buildings were increasingly far away from the city center in the east-west direction, while it was far from the city center at first and then close to the city center in the north-south directions. The average annual variation was 22.20 m in the east-west direction and 9.23 m in the north-south direction. Generally, the peaks composed of mid-rise buildings moved away from the city center in the east-west skylines and north-south skylines before 2008. However, the valleys composed of mid-rise buildings moved close to the city center in the east-west skylines and north-south skylines after 2008. The high-rise buildings were far from the city center firstly and then close to the city center in the east-west and the north-south directions. The average annual variation was 13.80 m in the east-west direction and 17.90 m in the north-south direction. The peaks composed of high-rise buildings were far from the city center firstly and then close to the city center in the east-west skylines and the north-south skylines. The super high-rise buildings were increasingly far away from the city center in the east-west and north-south directions. The average annual variation was 116.50 m in the east-west direction and 23.23 m in the north-south direction. The peaks composed of super high-rise buildings moved away from the city center in the east-west skylines and north-south skylines. During the study period, the height of the city's skyline gradually increased above the horizon. The number of peaks and valleys increased and then decreased. The structure of peaks also gradually changed from representing one or a few original structures to comprising many buildings. The valleys composed of multi-story buildings were gradually away from the city center in the east-west and north-south directions, while the valleys composed of mid-rise buildings were gradually close to the city center in the east-west and north-south directions. The peaks composed of high-rise buildings were gradually close to the city center in the east-west and north-south directions, while the peaks composed of super high-rise buildings were gradually away from the city center in the east-west and north-south directions. 
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Driving Forces of Urban Expansion
The city is the area most disturbed by humans. Urban development policy has had an important influence on the change of urban architectural landscape. Revitalizing Old Industrial Base of Northeast China was a policy driving force for the change of architectural landscape in Tiexi 
Discussion
Driving Forces of Urban Expansion
The city is the area most disturbed by humans. Urban development policy has had an important influence on the change of urban architectural landscape. Revitalizing Old Industrial Base of Northeast China was a policy driving force for the change of architectural landscape in Tiexi District [49] . In June 2002, for the first time, the Chinese government clearly put forward the strategy of rejuvenating the old industrial base of northeast China and proposed Support the Northeast Region and Other Old Industrial Bases to Speed up Adjustments and Reforms. In October 2003, the Chinese government formally issued Several Opinions on Implementing the Revitalization Strategy of Northeastern China and Other Old Industrial Bases, and specified supportive policies for the old industry base. Policy was the main driving force for promoting the three-dimensional expansion of cities in Tiexi District.
The Move the East and Transform the West (METW) development plan in Tiexi District of Shenyang City was a planning driving force for the architectural landscape's change in Tiexi District. The enterprises located in the eastern part of the city were relocated in the development zone in the west of the city. Tiexi District was re-planned after relocation, focusing on the development of tertiary industry such as trade services. Urban development planning guided the form and process of urban three-dimensional expansion.
The urban master plan played a guiding role in urban expansion. Tiexi District had been planned twice. The first occasion was the Mukden Capital Project by Japanese in 1935. The district on the west side of the railway in Shenyang was designed as industrial zone at that time, and the planning area was 11.5 km 2 . Since then, Tiexi District was used as industrial zone. With Jianshe Road seemingly as the dividing line, the residential area of Tiexi District was located in the south and industrial area was in the north. The second plan was drawn up after the founding of the People's Republic. In order to reform Tiexi District, the Tiexi District Renovation Plan was compiled by the Renovation Office of Tiexi District in Shenyang. It mainly contained: (1) adjust the land area for industry use and living use; (2) replan the area for the function of producing, storing, and commercial service; (3) enhance the construction and reconstruction of infrastructure [50] . Specific guidance was given for Tiexi's renewal. According to the Overall Reconstruction Framework and Strategic Orientation Outline of Tiexi Industrial Zone from 2000 to 2010, effort needed to be made to adjust the industrial structure of enterprises, and develop ecological industries. The Regulatory Plan of Northern Area in Tiexi District in Shenyang published in 2011 suggested that the scale of the land for living use and commercial-and-residential use was constantly increasing. Guidance was given for the further updating of Tiexi.
Income played an important role in China's urban growth [51] . From 2002 to 2011, Shenyang's disposable personal income increased by 2.3 times [52] . The rapid increase of average salary enhanced people's purchasing power and thus might stimulate the improvement of living environment and the construction of new housing. The higher income promoted the change of architectural landscape in Tiexi District from an economic point of view.
In addition, urban transportation infrastructure construction guided the architectural landscape's change in Tiexi District. During the period of research, construction of architectural landscapes initially took place on two sides of the main streets of the city.
Comparisons with the Results of Related Studies
In this study, the numerical difference between the estimated height of buildings and the measured height of buildings ranged from 2.3 m to 2.8 m, while that of Zhang P. et al. was 2.66 m. The interpretation accuracy of the two studies was similar. They were all within the theoretical error range [5] .
The results of this study were compared with those of Qingdao [24] , Nanjing [34] , Yangzhou [6] and Houston [4] . The results showed that the common feature of urban expansion was the significant urban expansion in a vertical direction, and the height of the city was increasing year by year. It increased 0.69 m annually in Tiexi, while 0.67 m in Qingdao. The growth rate of building height in Yangzhou was about 12.62%. The floor area ratio of cities was increasing. The ratio in Tiexi increased by 0.05 per year and by 0.04 per year it increased in Qingdao. The velocity of vertical expansion was not uniform everywhere in the study area. The urban expansion around Tiexi's commercial center and on both sides of the main road was higher than that of other places'. The expansion of Shibei district was faster than Shinan district in Qingdao. The expansion in Nanjing was mainly in the south and west of the city. The main expansion was concentrated on the western new urban areas in Yangzhou. The expansion in Wuhan mainly showed up in the western suburbs, the northern new urban area, and the eastern new urban area. In Houston, Skyline District perfectly reflects the vertical expansion of the urban landscape. The dense cluster of buildings also forms "rugged" urban morphology in the Skyline District. The skylines of Tiexi and Nanjing were constantly changing. There was an apparent change in Tiexi's east-west skyline, while it existed in central and southern range of the north-south skyline. The west of the east-west skyline of Nanjing changed obviously, while the south of the north-south skyline changed obviously. The apparent change appeared in the middle and west of the east-west skyline in Yangzhou; however, it showed as a smooth line in the north-south skyline. Tiexi's overall shape of the city had always been a weak pyramid stage, but Nanjing's overall shape had developed from a weak pyramid stage to a balanced pyramid stage.
The factors affecting the three-dimensional expansion of each city were different. Tiexi urban expansion was related to urban development policy, income and urban transportation infrastructure construction. Expansion differences in Qingdao were related to its history of development, function, planning and population. The expansion of Yangzhou was affected by its urban spatial development strategy and planning, industry development and urbanization. Meanwhile, the factors from limited environment conditions and protection of historical sites all had an impact on Yangzhou's development.
Urban Renewal Differences between Tiexi and Ruhr
Urban renewal strategy is influenced by geographical location, development history, development stage, economic status, location characteristics, industrial types, social culture and architectural status [53] . The Ruhr's strategy was to reuse old things while Tiexi was to abandon the old and build new ones. Therefore, the renewal of the Ruhr did not result in drastic three-dimensional expansion of the city. However, Tiexi's low-rise buildings were replaced by a large number of high-rise buildings, which changed the city's appearance, and the city's 3D expansion was remarkable. This is mainly due to the orientation of urban renewal and the different sources of funds.
The orientation of urban renewal was different. From the 1950s to the late 1960s, the Ruhr began to adjust its industrial structure and implement the strategy of "re-industrialization". According to the Ruhr Development Program formulated by the North Rhine-Westphalia Government, some traditional polluting industries began to stop producing, and began to develop towards new industries such as environmental protection technology, electronics, machinery and equipment. Universities and research institutes with cutting-edge scientific and technological capabilities were established. It developed a service industry, mostly tourism. The Ruhr District put its investment in the development of tourism resources in industrial memorial sites such as large numbers of factories, workshops and mechanical structures left over in the industrialized era [54] . In June 2002, Shenyang Municipal Government decided to ask Tiexi District and Shenyang Economic and Technological Development Zone to co-operate in building up Tiexi New District with a strategy of large-scale enterprise relocation from east to west implemented. Old Tiexi's urban orientation was to develop modern business and life services. Owing to the limited land resources in Old Tiexi, the main way was to renew the stock. The land vacated by industrial enterprises was redeveloped and the historical industrial land was transformed into residential or commercial land.
Funds came from different sources. In the renewal of Ruhr, German governments at all levels not only provided policy support, but also a large number of financial subsidies. As for the projects such as environmental protection and waste plant utilization, 80% of the investment could be funded, half of which was invested by the federal and state governments [55] . As a result, the old workshop land was recycled and became an environment-friendly base for research and development. At the same time, the development funds for tourism resources were invested in the development of industrial memorial sites to build unique industry-style history museums, so as to drive the tourism service industry which could stimulate the tourism service industry [56] . However, Tiexi's renewal fund was leveraged by differential land rent, and capital investment was an important means [57] . The transformation of Tiexi old industrial zone basically adopted a land replacement mode guided by real estate development. The vacant land of the relocated enterprises was used to attract investment and develop financial, commercial and real estate industries. Real estate development achieved the greatest land income by increasing the "building volume ratio". The economic benefits coming from the change of land use and higher volume ratio increased the financial resources of Tiexi District Government, which can be used to offer sufficient funds for shanty towns' transformation [58] . According to the Report On the Work of Tiexi Government in 2018 [59] , since 2013, urban renewal became more focused on road extension and construction, improvement of landscape, demolition of scattered shanty towns and building up urban infrastructure. The renewal of Tiexi District would go on, while the pace of 3D expansion of urban space would gradually slow down. The number of height and capacity of the city was going to climb continuously, and with more non-uniform distribution of buildings showing that the city was becoming more crowded than ever. There were still some factories and low-rise residential buildings lower than 15 m in the northwest of the city, which would become a focus area for city's renewing in the future. High-rise buildings would replace low-rise industrial and residential buildings. Meanwhile, the skyline in the north of the city would change dramatically. The overall shape of the city would remain similar to the weak pyramid for quite a long time.
Future Urban Expansion of Tiexi
Urban Expansion and City Skyline
The city skyline reflected the characteristics of urban spatial dimension, and affected the city's beauty at the same time [60] . The full rhythm of urban skyline could give people a unique urban image and visual enjoyment of beauty. At the same time, a multi-angle urban skyline could comprehensively indicate the development and the form of the city skyline more. The city's skyline could be recognized easily and it was worthwhile to protect it [61] .
During the research period, the three-dimensional expansion of the city contributed to the skyline smoother, losing its aesthetic curve line gradually. In the future urban renewal, real estate development and construction should not only pursue the buildings height and floor area ratio, but also take overall shape of the building groups into consideration, otherwise the city's wonderful skyline would disappear gradually.
Urban Expansion and High-Rise Building Height and Floor Area
According to the relationship map of high-rise building height and floor area of Tiexi District, Shenyang, it can be concluded that Tiexi District's overall morphology is similar to the weak pyramid type. There is a big gap from the dome-shaped urban form. The downtown area of Nanjing, China, has developed into a balanced pyramid stage, even in the transition to the dome stage [34] . The comparison suggested that the relatively small site area of high-rise buildings (above 40 m) in Tiexi District was the major reason ( Figure 7 ). It showed that the amount of high-rise buildings' floor area in Tiexi District was increasing, and there was also an increase in vertical expansion.
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Evaluation of Urban Renewal
Through the renewal of China's old industrial areas, their 3D urban space had undergone rapid development and expansion. The urban renewal of Tiexi had increased the number of high-rise buildings, completely changed the city's appearance, and brought about rapid economic 
Through the renewal of China's old industrial areas, their 3D urban space had undergone rapid development and expansion. The urban renewal of Tiexi had increased the number of high-rise buildings, completely changed the city's appearance, and brought about rapid economic development. The per capita disposable income of urban residents in 2018 was 3.99 times that of 2002. The population increased from 765,000 in 2002 to 909,000 in 2018. Car ownership has increased dramatically. In 2018, a quarter of people own a car averagely, the number of which was more than twice of that in 2012 [62] . SCD increased from 1.86 in 1997 to 3.38 in 2011. However, from 2002 to 2018, the number of primary and secondary schools increased by only 9, and the number of hospitals increased by only 7 [63] . These tended to result in a variety of problems. These issues can include traffic congestion, auto pollution, higher pressure on education and health care systems, ecological damage, lower quality of life, and a decreased sense of belonging as a result of the loss of a livable urban scale. Only by properly addressing the problems mentioned above can the city accomplish its sustainable development goal.
The three-dimensional expansion of a city is limited by many factors. Vertical extension should have a limit, not the higher the better. Urban renewal should take social, economic, ecological and other benefits into account. Some scholars believed that the urban renewal and transformation of old industrial zones was in line with the goal of urban sustainable development, but the sustainability and scientific nature of the implementation of the project need to be further demonstrated [63] . Therefore, the scientific and systematic evaluation of old industrial areas after its renewal was particularly important. At present, there is relatively little research on urban renewal evaluation in old industrial areas. Only a few studies have assessed the performance of urban renewal in old industrial areas from one aspect, such as the evaluation of the effect of renewal on economic recovery from the perspective of economics, and the social benefits of social deprivation from the perspective of sociology [64, 65] . Scientific and systematic evaluation can provide guidance for the adjustment of urban renewal and make urban renewal reach an optimal level.
Sustainability and Urban Renewal
Society, economy and environment are three pillars of sustainable development. Urban renewal aims at solving a series of urban problems, including urban function deterioration, social exclusion in urban areas, and environmental pollution. Therefore, in order to promote the sustainability of cities, urban renewal has become common. The results suggested that it could promote the restoration of dilapidated buildings, increased the number of existing buildings, and promoted the land efficient utilization [66, 67] . Besides, it improved value of the land and the quality of the environment [68] . Then, it stopped a city's decline, and helped in the achievement of social economic goals [69] . The method enhanced network of the society, improved the quality of the environment, and united the vulnerable groups to resolve the adverse impact towards their living environment [70] . In these respects, urban renewal can significantly contribute to sustainable urban development if it follows a sustainable path. However, most urban renewal policies tended to focus on economic regeneration rather than environmental or social regeneration [71] . In conclusion, although the relationship between sustainability and urban renewal is complex, it does offer an orientation for urban's sustainable developing in the future [72] . After 10 years of urban renewal, the urban environment of Tiexi has undergone tremendous changes and achieved rapid economic and population growth. It has won the awards of "Sixty landmarks of New China", "United Nations Global Livable City Demonstration Award" and "China Habitat Environment Model Award" [59] . The renewal of Tiexi achieved a phased success. However, there are still many problems in the sustainable development of Tiexi District. As the land for industrial use in old urban areas was replaced with residential and commercial use, a large number of people were attracted to settle there. The population increased from 765,000 in 2002 to 909,000 in 2018. The per capita land resources are becoming less. The per capita area of construction land in Tiexi decreased from 51.4 square meters per person in 2002 to 43.26 square meters per person in 2018. This makes the pressure on supporting infrastructure heavy, which has affected the livability of the city to a certain extent. Although tertiary industry, which should become the pillar of the economy after "de-industrialization", has grown steadily, its foundation is weak and the speed of economic development has been affected to a certain extent. The proportion of Tiexi's tertiary industry increased from 37.7% in 2002 to 76.9% in 2015. However, the development level of the tertiary industrial structure is low, which shows that the proportion of traditional services is high, that of emerging services is low, that of labor-intensive and capital-intensive services is high, and that of technology-based and knowledge-based services is low. The total proportion of wholesale, retail and accommodation catering industries reached 51%, while the proportion of producer services (transportation, information services, finance, business, scientific research services, etc.) in the tertiary industry was only 21% [73] . Population aging is relatively serious. The level of population aging in Tiexi (calculated by population over 60 years old) reached 25.2% in 2018 [63] . In the future, under the guidance of national policies, Tiexi needs to change the mode of economic growth, enhance innovation ability, emphasize refine development, and guide the young employment population to "live in Tiexi" in order to achieve long-term sustainable development of Tiexi District.
Conclusions
This paper introduced the characteristics of the 3D expansion of Tiexi, Shenyang, China, and demonstrated the effectiveness and quantification of the methods for evaluating city's spatial morphology based on a geographic information system (GIS), remote-sensing images with high resolution, and the Barista application. The landscape index, the spatiotemporal distribution of changes in building renewal modes and variations in the city skyline as well as the relationship between the number and size of high-rise buildings were used to quantify the 3D urban expansion. Among them, the method of extracting the skyline with high speed and accuracy was creatively applied in urban 3D expansion. The methods proposed in this paper are expected to become a foundation for a wide range of 3D urban expansion studies.
The results showed that from 1997 to 2011, Tiexi District expanded vertically and increased its urban capacity. The distribution of urban architecture was uneven and the three-dimensional space became increasingly congested. Renewal took place mainly through transformation, supplemented by newly built areas. Spatial distribution of changes in land patch types was related to regional transportation infrastructure, land-use types and distance from the urban center. During this period, there was a gradual increase in skyline's height, and the skyline in the east-west direction shifted from a "peak-valley" pattern to a more even pattern. For the skyline, the original peak expanded slowly at first but then rapidly from the middle of the skyline to the south, while the north area of the skyline changed relatively slowly. The overall shape of the city was shown to be like the weak pyramid, whose top angle was gradually becoming larger.
By studying 3D expansion of urban space in old industrial areas, the basic rules underlying the processes of urban renewal can be understood and a theoretical underpinning for urban planning and renewal can be provided. The appropriate distribution of space as well as optimization of the natural environment in China's old industrial areas can also be identified. Further post-renewal 3D space expansion research on different functional areas should be conducted to better grasp the different patterns of the 3D urban space distribution that occur during urban renewal.
Renewal of old industrial areas facilitates the horizontal and vertical expansion of the city. Vertical expansion means not only upward development of high-rise buildings, but also development underground, with a large number of newly built underground construction and transportation projects. The current study was restricted to studying changes in urban space aboveground only. However, underground development is also an important aspect of 3D urban space expansion, and should be included in future research on urban expansion and landscape variations.
